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and adaptors utilized in the ubiquitin pathway, the basisBridging the Gap between
for E3- and E2-mediated substrate specificity is stillSCF and Ubiquitin Transfer poorly understood. A major hurdle in our understanding
of SCF-mediated ubiquitin conjugation has been a lack of
detailed structural data describing the organization of
SCF components. This obstacle has been overcomeThe first crystal structure of a core SCF complex has
in a recent Nature article reporting the first quaternarybeen determined to 3.2 A˚. Together with previous data
structure of a Cul1-Rbx1-Skp1-Skp2 F box ubiquitin li-obtained for RING E3-E2 and Skp1-Skp2 adaptor com-
gase complex [5]. When combined with previously de-plexes, the structure provides substantial insight into
termined structures for Skp1-Skp2 and c-Cbl E3-UbcH7SCF-mediated protein modification by ubiquitin, a pro-
E2 complexes, a picture begins to emerge of how SCFcess that regulates protein modification and degrada-
complexes integrate the elements necessary for ubiqui-tion in systems ranging from cell cycle progression to
tin conjugation while maintaining substrate selectivity.transcription.
The X-ray structure determination of the SCF complex
reveals the underlying structure for each SCF element
The cell has developed elaborate mechanisms to regu- and the molecular basis for interactions between these
late the abundance and activity of control proteins in- elements (see Figure). Cul1 comprises the cullin subunit
volved in critical cellular pathways. One such pathway in the complex, consisting of three cullin repeat motifs
utilizes posttranslational modification of proteins by ubi- and a C-terminal domain (CTD). The N-terminal cullin
quitin, a process that ultimately leads to target protein repeat (NTD) binds Skp1 and shows significant struc-
degradation by the 26S proteosome [1]. For this to oc- tural divergence from the other two cullin repeats, in-
cur, ubiquitin is first activated through E1-mediated ade- cluding an insertion of two helical elements that directly
nylation of the ubiquitin C-terminal glycine. Ubiquitin interact with Skp1. The three cullin repeats are organized
transfer to E2 and E3 conjugating enzymes ensues, re- end-to-end, providing a rigid bridge between the Cul1
sulting in an activated E2 or E3 ubiquitin C-terminal NTD Skp1 binding platform and the Cul1 CTD Rbx1
glycine thioester, a competent intermediate for covalent interface. The Rbx1-Cul1 interaction is extensive. Rbx1 and
attachment to substrates by nucleophilic attack of the Cul1 share a common hydrophobic core by Rbx1 
thioester by a lysine -amino group. To ensure specific- strand incorporation into the Cul1 CTD  sheet. Based
ity, the ubiquitin system utilizes noncatalytic substrate- on sequence conservation between Rbx1 and cullin
specific E3 ubiquitin ligases in combination with the family members, the authors suggest that all cullin-Rbx1
ubiquitin conjugating enzymes responsible for covalent pairs will share a similar structural arrangement. In some
ubiquitin modification. Once ubiquitin is attached to the cases, Cul1-mediated ubiquitination is modulated by
receptor lysine, the conjugate can be rapidly extended posttranslational modification by the ubiquitin-like mod-
into a polyubiquitin chain that mediates interactions with ifier Nedd8. Structural analysis of Cul1 CTD reveals the
the ATPase subunit of the proteosome [2]. Nedd8 modification site to be within 11 A˚ of the Rbx1
SCF complexes are four-subunit RING-type E3 ubiqui- RING motif, supporting a direct role for Nedd8 in regulat-
tin ligases that bring together E2-thioester ubiquitin with ing E2 interaction near this site.
unique adaptor proteins that specifically recognize pro- This is where it gets really interesting. By drawing on
teins targeted for ubiquitin modification [3]. Each SCF other structures published by the same group over the
complex includes an F box protein, a cullin subunit, an last several years, the authors are able to begin to con-
adaptor protein, and a zinc RING finger protein. F box struct a model for an intact SCF complex. Superposition
proteins encompass a large and richly diverse protein of the previously determined Skp1-Skp2 complex onto
family, one that encodes specificity through direct inter- the SCF Skp1-Skp2 F box structure enabled the Skp2
action with unique substrates [4]. F box proteins are substrate binding interface to be placed within the SCF
named for the conserved F box element found within complex [6]. In addition, structural analysis revealed that
each member, a small region of protein required for the Rbx1-RING motif presented a conserved hydropho-
interaction with the Skp1 adaptor. Skp1 is highly con- bic groove to solvent, a similar orientation and surface
served between organisms, physically linking the F box utilized by c-Cbl interaction with the UbcH7 E2 conjugating
protein and cullin subunit. Cullin subunits directly inter- enzyme [7], thus enabling a model for E2-Rbx1 interaction
act with both Skp1 and the RING finger protein Rbx1, within SCF. When combined, the model reveals that E2
serving as a platform to recruit both the enzymatic ele- and Skp2 are located on the same side of the SCF com-
ments necessary for ubiquitin modification and the ele- plex, a favorable orientation for Skp2-mediated substrate
ments required for specific substrate recruitment. The recruitment and presentation to the catalytic E2.
Rbx1 RING finger is highly conserved between organ- Although everything appears to be in place, the model
isms and is responsible for mediating the interaction reveals a 50 A˚ gap between the predicted Skp2 sub-
between cullin and the E2-ubiquitin thioester. strate binding interface and the catalytic E2 cysteine,
Although the past several years have yielded progress indicating that substrates must bridge the gap for ubi-
quitin conjugation to occur. Since the model excludestoward understanding interactions between cofactors
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to orient the substrate, and protein-protein interactions
would mediate specificity by selectively placing the re-
ceptor lysine within striking distance of the E2-thioester.
SCF may have solved the specificity issue by modulat-
ing respective E2 recruitment with specific F box sub-
strate binding. This would result in a large number of
unique enzymes that would spatially orient the ubiquiti-
nation machinery and substrate, facilitating direct trans-
fer of ubiquitin to the target lysine. As is often the case,
reality is more complex than any single model. The SCF
complex is not only able to facilitate a single ubiquitin
transfer to receptor lysine, but it is also able to quickly
facilitate polyubiquitin conjugation of the same sub-
strate once the first ubiquitin is attached. This observa-
tion has profound implications for the rigid scaffold
model proposed by Zheng and coworkers, since once
a substrate is ubiquitinated it would have to move rela-
tive to the SCF complex to facilitate further ubiquitin
Schematic Diagram of the SCFSkp2-E2 Substrate Complex polymerization. This might occur by looping the poly-
ubiquitin chain out as it is being polymerized, or byThe recently determined SCFSkp2 structure reveals a multisubunit
complex comprised by the F box element of Skp2 (the protein re- displacing the initial substrate-F box interaction and re-
sponsible for substrate recruitment), Skp1 (the adaptor between placing it with a specific substrate ubiquitin-E2-thioester
Skp2 and Cul1), Cul1 (the bridge), and Rbx1 (the E3-like RING finger complex. Although daunting, these issues will likely be
motif). Components of the complex revealed by Zheng and col-
addressed and resolved through further structural anal-leagues are shown in solid representation with nonitalicized labels.
ysis of SCF complexes in both apo- and substrate-The N-terminal and C-terminal Cul1 domains are denoted in smaller
bound configurations.capital italics within Cul1 (NTD, CTD). Components modeled onto
the SCF scaffold are transparent and denoted by italic labels. These
include the Skp2 substrate binding domain, substrate, and E2. Christopher D. Lima
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tin thioester. To test this hypothesis, a Cul1 mutant was
Selected Readingconstructed that disrupted the rigidity of the cullin re-
peat scaffold. Biochemical analysis revealed that the
1. Hershko, A., and Ciechanover, A. (1998). The ubiquitin system.mutant retained specific interactions with the p27 sub-
Annu. Rev. Biochem. 67, 425–479.strate via Skp1-Skp2. The mutant also retained Rbx1- 2. Lam, Y.A., Lawson, T.G., Velayutham, M., Zweier, J.L., and Pick-
dependent binding activity toward catalytically active art, C.M. (2002). A proteasomal ATPase subunit recognizes the
E2. Although the SCF mutant maintained binding activity polyubiquitin degradation signal. Nature 416, 763–767.
3. Deshaies, R.J. (1999). SCF and Cullin/Ring H2-based ubiquitintoward both substrate and E2, it was not able to specifi-
ligases. Annu. Rev. Cell Dev. Biol. 15, 435–467.cally transfer any ubiquitin to p27. These data strongly
4. Kipreos, E.T., and Pagano, M. (2000). The F-box protein family.suggest that it is not enough to bring E2 and substrate
Genome Biol. 1, 3002.1–3002.7.
together, but that SCF is required to present each ele- 5. Zheng, N., Schulman, B.A., Song, L., Miller, J.J., Jeffrey, P.D.,
ment in a unique orientation to catalyze productive ubi- Wang, P., Chu, C., Koepp, D.M., Elledge, S.J., Pagano, M., et al.
(2002). Structure of the Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitinquitin conjugation.
ligase complex. Nature 416, 703–709.Neither E2 nor substrate is predicted to make direct
6. Schulman, B.A., Carrano, A.C., Jeffrey, P.D., Bowen, Z., Kinnu-interactions with the SCF complex near the site of ubi-
can, E.R., Finnin, M.S., Elledge, S.J., Harper, J.W., Pagano, M.,quitin transfer, predicting a noncatalytic role for SCF and Pavletich, N.P. (2000). Insights into SCF ubiquitin ligases
that only requires proper substrate positioning with re- from the structure of the Skp1-Skp2 complex. Nature 408,
spect to the E2-thioester for catalysis to occur. This 381–386.
7. Zheng, N., Wang, P., Jeffrey, P.D., and Pavletich, N.P. (2000).is consistent with a model recently proposed for E2-
Structure of a c-Cbl-UbcH7 complex: RING domain function inmediated SUMO conjugation, whereby E2 serves a
ubiquitin-protein ligases. Cell 102, 533–539.mostly noncatalytic role in proper positioning of the
8. Bernier-Villamor, V., Sampson, D.A., Matunis, M.J., and Lima,
weakly nucleophilic lysine with respect to the labile thio- C.D. (2002). Structural basis for E2-mediated SUMO conjugation
ester [8]. If a similar mechanism applies, SCF-mediated revealed by a complex between ubiquitin-conjugating enzyme
Ubc9 and RanGAP1. Cell 108, 345–356.ubiquitin conjugation would only require a rigid scaffold
